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Abstract
A simple extension of the Standard Model providing Majorana magnetic
moments to right-handed neutrinos is presented. The model contains, in
addition to the Standard Model particles and right-handed neutrinos, just a
singly charged scalar and a vector-like charged fermion. The phenomenology
of the model is analysed and its implications in cosmology, astrophysics and
lepton avour violating processes are extracted. If light enough, the charged
particles responsible for the right-handed neutrino magnetic moments could
copiously be produced at the LHC.
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1. Introduction
In ref. [1] we studied the most general eective Lagrangian built with
the Standard Model (SM) elds plus right-handed neutrinos up to operators
of dimension ve. We found this Lagrangian contains only three nonrenor-
malizable operators, one of them being the well known Weinberg operator [2]
which only involves the SM lepton doublets and the Higgs doublet. The other
two contain an interaction of right-handed neutrinos with the SM Higgs dou-
blet and a Majorana electroweak moment for the right-handed neutrinos.
This last operator is particularly interesting and can have a variety of phe-
nomenological consequences in cosmology, astrophysics and at colliders [1].
Of course, it is interesting to have explicit models in which these nonrenor-
malizable interactions arise naturally because one can use them to check
the general features of the eective Lagrangian approach and extend them
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outside the realm of validity of the eective eld theory. This is especially im-
portant if the particles responsible for the new interactions are light enough
as to be produced at the next generation of colliders.
Here we present a very simple model which gives rise to right-handed
neutrino electroweak moments; it includes, in addition to the SM elds and
the right-handed neutrinos, a charged scalar singlet and a charged singlet
vector-like fermion. We obtain the tree level and one-loop contributions
to the dimension ve eective Lagrangian, and in particular we compute the
contribution to the right-handed neutrino electroweak moments. We perform
a thorough phenomenological analysis of the model, paying special attention
to the case in which the new charged particles are light enough to be pro-
duced at the Large Hadron Collider (LHC). Thus, in section 2 we dene the
model and compute the one-loop contribution to the electroweak moment of
right-handed neutrinos. The simplest version of the model, in which several
couplings are set to zero by using global symmetries, contains stable charged
massive particles (CHAMPs) which are strongly disfavoured from cosmolog-
ical and astrophysical considerations. To avoid such problems we extend
minimally the model by allowing a soft breaking of the symmetries, which
is enough to induce CHAMP decays; such decays are studied in section 2.3.
The model also induces some tree-level lepton avour violating (LFV) pro-
cesses like µ → 3e which are studied in section 2.4. In section 3 we discuss
briey the one-loop contributions of the model to the eective Higgs-νR op-
erator. In section 4 we compute the production cross section of the charged
particles at the LHC and discuss their observability as a function of their
masses. Finally, in section 5 we present our conclusions.
2. The model
As discussed in ref. [1] the most general dimension ve interactions among
SM elds and three right-handed neutrinos can be written as
1
L5 = νcRζσµννRBµν +
(
˜`φ
)
χ
(
φ˜
†
`
)
− (φ†φ) νcRξνR + h.c. (1)
1
The reader should note a dierence in notation respect to [1], where we used ν′ to
denote the neutrino avor eigenelds. As in the present work we are not going to discuss
the diagonalisation of the neutrino mass matrices we will just use ν to represent the avor
eigenelds.
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where ` =
(
νL
eL
)
denotes the left-handed lepton isodoublet, eR and νR the cor-
responding right-handed isosinglets, and φ the scalar isodoublet (family and
gauge indices will be suppressed when no confusion can arise). The charge-
conjugate elds are dened as ecR = Ce¯
T
R, ν
c
R = Cν¯
T
R and
˜`= C ¯`T , φ˜ = φ∗
where  = iσ2 acts on the SU(2) indices. The hypercharges assignments are
φ : 1/2, ` : −1/2, eR : −1, νR : 0. The SU(2) and U(1) gauge elds are
denoted by W and B respectively (gluon and quarks elds will not be needed
in the situations considered below). The couplings χ, ξ, ζ have dimension
of inverse mass, which is associated with the scale of the heavy physics re-
sponsible for the corresponding operator. χ, and ξ are complex symmetric
3 × 3 matrices in avour space, while ζ is a complex antisymmetric matrix
proportional to the right-handed neutrino electroweak moments.
The dierent terms in eq. (1) and their phenomenological consequences
were discussed in [1]. Here we are more interested in models that could
give rise to ζ . This can only occur at the one-loop level and the models
should necessarily involve either a scalar-fermion pair with opposite (non-
zero) hypercharges and having Yukawa couplings with both νR and ν
c
R, or a
vector-fermion pair with the same properties. Here we will consider only the
rst (simpler) possibility. Thus we enlarge the SM by adding a negatively
charged scalar singlet ω, Y (ω) = −1, and one negatively charged vector-like
fermion E (two chiralities and no generation indices) also with Y (E) = −1.
We can then write the Lagrangian as
L = LSM + LNP , (2)
where LSM is the SM Lagrangian while the new physics Lagrangian, LNP,
collects all the terms containing any of the new particles, including among
them the right-handed neutrinos. We write LSM as
LSM = i` 6D `+ ieR 6D eR + (`YeeR φ+ h.c.) + · · · (3)
with Ye the Yukawa couplings of charged leptons which are completely general
3 × 3 matrices in avour space; the dots represent SM gauge boson, Higgs
boson and quark kinetic terms, quark Yukawa interactions and the SM Higgs
potential. We divide the new physics contribution, LNP , in dierent terms:
LNP = LK + LY − VNP + LExtra (4)
LK describes the kinetic terms of the new particles
3
LK = Dµω†Dµω + iE 6DE −mEE¯E + iν¯R∂/νR −
(
1
2
νcRMRνR + h.c.
)
(5)
withMR the Majorana mass term of right-handed neutrinos, which is a com-
plex symmetric matrix in avour space. LY contains the standard Yukawa
interactions of right-handed neutrinos and the Yukawa couplings of right-
handed neutrinos with the particles needed to generate the electroweak mo-
ments:
LY = `YννR φ˜+ νcRh′E ω+ + νRhE ω+ + h.c. (6)
Yν is a general 3× 3 complex matrix and, if there is just one E, h and h′ are
vectors in generation space. The ω contributions to the scalar potential are
VNP = m
′2
ω |ω|2 + λω|ω|4 + 2λωφ|ω|2φ†φ , m2ω = m′2ω + λωφv2 (7)
Where v is the vacuum expectation value of the Higgs doublet, 〈φ†φ〉 = v2/2,
and the λ's are quartic scalar couplings. We assume λ, λω > 0 and λλω > λ
2
ωφ
to insure global (tree-level) stability, as well as m2ω > 0 in order to preserve
U(1)em. It is important to remark that with only one Higgs doublet there
cannot be trilinear couplings between the doublet and the singlet, ω. Then,
the potential has two independent U(1) symmetries, one for the singlet and
one for the doublet.
In addition, the SM symmetries allow the following Yukawa couplings and
mass terms
LExtra = E¯LκeR + `YEER φ+ ˜`f`ω+ + e¯Rf ′νcRω + h.c. (8)
which can be set to zero by imposing a discrete symmetry which aects only
the new particles
E → −E , ω → −ω (9)
In this case all low-energy physics eects will be loop generated[3]. Notice
that the resulting Lagrangian has a larger continuous symmetry
E → eiαE , ω → eiαω (10)
which is not anomalous, therefore there is a charge, carried only by E and
ω which is exactly conserved. In that case, the lightest of the E or ω will
4
νR ν
c
R
ω−
B
E− E− νR ν
c
R
E−
B
ω− ω−
(a) (b)
Figure 1: Contributing diagrams to the right-handed neutrino electroweak moment.
be completely stable becoming a CHAMP, which could create serious prob-
lems in standard cosmology scenarios. However, such problems can easily
be evaded by allowing some of the terms in eq. (8). We will return to this
issue after verifying that the model indeed generates a right-handed neutrino
magnetic moment.
2.1. The νR magnetic moment
In the model considered we have two diagrams, depicted in gure 1, con-
tributing to the νR Majorana electroweak moment: a) loop with the B gauge
boson attached to the E and b) loop with the B gauge boson attached to
the scalar ω.
For MR  mE , mω we can neglect all external momenta and masses and
the calculation of the diagrams simplies considerably. The nal result can
be cast as a contribution to the eective magnetic moment operator in eq. (1).
We nd
ζij =
g′f(r)
(4pi)24mE
(
h′ih
∗
j − h′jh∗i
)
(11)
with r = (mω/mE)
2
, g′ the Bµ gauge coupling and
f(r) =
1
1− r +
r
(1− r)2 log(r)→


1 , r  1
1/2 , r = 1
(log(r)− 1)/r , r  1
(12)
For an estimate we can take, for instance, mω = mE , and
(
h′ih
∗
j − h′jh∗i
)
=
0.5 while g′ =
√
α4pi/cW ≈ 0.35, then ζ ≈ 10−4/mE (for mE  mω there
5
will be a factor 2 enhancement and for mE  mω there will be a suppression
by roughly a factor (mE/mω)
2
); these values are in agreement with the esti-
mates obtained using eective eld theory. In terms of ΛNP ≡ 1/ζ we have
ΛNP = 10
4mE . Present bounds from LEP and Tevatron give mE & 100GeV,
which imply ΛNP & 10
6 GeV. This can be compared with direct bounds that
can be set on the right-handed neutrino electroweak moments derived in [1] .
As expected, collider limits on E production are much more restrictive than
collider limits derived from the induced electroweak moment interaction. Af-
ter all, the electroweak moment interaction is generated at one loop. How-
ever, if the right-handed neutrinos are relatively light (below 10MeV) bounds
from transition magnetic moments coming from supernova cooling (which are
ΛNP & 4× 106 GeV) or red giant cooling (which are ΛNP & 4× 109 GeV for
mN . 10 keV) can be much stronger.
2.2. E or ω as CHAMPs
The model as described so far contains only the couplings necessary to
generate the right-handed neutrino Majorana electroweak moments. But it
is clear that the trilinear vertices ν¯REω
†
and ν¯cREω
†
alone cannot induce
decays for both the E and the ω. The lightest of the two will remain stable
and could then accumulate in the galaxy clusters, appearing as electrically
charged dark matter. The idea that dark matter could be composed mostly of
charged massive particles was proposed in [4, 5] and it is strongly constrained
from very dierent arguments[6, 7, 8, 9, 10]. One might still consider the
possibility of having massive stable E or ω particles within the reach of
the LHC, but with a cosmic abundance lower than the one required for
dark matter. Unfortunately, such scenario seems also to be excluded: if
one assumes, as in [4], that the E's and ω's were produced in the early
universe through the standard freeze-out mechanism [11], the bounds from
interstellar calorimetry [10] and terrestrial searches for super-heavy nuclei
[7, 8] completely close the window of under-TeV CHAMP abundances.
There is, however, a way to escape all these bounds. A recent paper
[12] notes that CHAMPs, if very massive or carrying very small charges,
are expelled from the galactic disk by the magnetic elds. That situation
prevents any terrestrial or galactic detection and leaves room for CHAMPs
to exist. The bound specically states that particles with 100(Q/e)2 TeV .
m . 108(Q/e) TeV are depleted from the disk, and in fact our model (if we
forbid the terms in eq. (8)) does not x the hypercharge of E and ω, so they
can be millicharged. Unfortunately, this situation is not interesting for our
6
purposes, for this kind of CHAMPs would give rise to very small neutrino
magnetic moments and wouldn't show up in the future accelerators, either
due to their heavy masses or to their small couplings.
In conclusion, we need an additional mechanism for E or ω decays. The
easiest way to accomplish this is by allowing one or more of the couplings in
eq. (8), which can be taken small, if needed, by arguing that (10) is an al-
most exact symmetry. We discuss one of the possibilities in section 2.3. The
scenario of decaying CHAMPs has, on its own, a number of advantages and
drawbacks. Some recent papers [13, 14] have pointed out that the presence
of a massive, charged and colourless particle during the process of primordial
nucleosynthesis might lead to an explanation for the cosmic lithium prob-
lem. Also, the decay of massive particles during nucleosynthesis could have
a dramatic inuence in the nal abundances of primordial elements, which
provides us with bounds on the lifetime and abundance of CHAMPs that
could be useful.
2.3. Allowing for CHAMP decays
If the particles have to decay the global symmetry (10) has to be broken,
and for that it is enough to allow some of the terms in eq. (8). For the sake
of simplicity, we will consider only the case where the symmetry is softly
broken by ELeR mixing
2
Lκ = E¯LκeR + h.c. (13)
This term will induce decays of E into SM particles much like the heavy
neutrino decays in seesaw models, since only this mixing links the E to the SM
degrees of freedom. After diagonalisation of the charged lepton mass matrix
one obtains interactions that connect the E to W + ν, Z + `± and H + `±.
As the current bound on heavy charged leptons require that mE > 100GeV,
the W and Z will be produced on-shell; the Higgs channel may or may not
be open depending on the actual value of the Higgs and E masses3.
The ω, on the other hand, has to decay through the Yukawa E¯νRω ver-
tices; either directly to E + νR if mω > mE or to e + νR suppressed by the
2
Since this choice breaks (10) softly, none of the other terms in eq. (8) need be intro-
duced for the model to remain renormalizable.
3
Note that, asU(1)em is not broken, avour-changing vertices involving a photon cannot
appear at tree level; Γ(E → eγ) must be at least a one-loop eect, and thereby suppressed.
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mixing κ. The simplest situation then arises if mω > mE , for in that case
the ω's will decay into on-shell E's, which in turn will decay in the afore-
mentioned way. In what remains, for simplicity, we shall restrict ourselves to
this specic case.
In gure 2 we present the branching ratios for the decays of the E. As the
decays are controlled by the would-be Goldstone part of the W and Z (and
the Higgs boson if allowed kinematically) they are always proportional to the
Yukawa couplings of the charged leptons; therefore, if all the κ's are of the
same order, the E will decay mainly to the leptons of the third family. We can
see that for relatively low masses the dominant channel is E → Wντ while for
very large masses the ratios tend to the equivalent-Goldstone approximation:
0.5 for the W channel and 0.25 for the Z and H channels.
W ΝΤ
Z Τ
H Τ
100 200 300 400 500
0.0
0.2
0.4
0.6
0.8
mE HGeVL
B
R
HE

X
L
Figure 2: Dominant decay branching ratios of the vector-like fermion E. The decays
are suppressed by the mass of the charged leptons, thus we have only represented decays
into the third family. The Higgs boson mass has been taken to the present best t,
mH = 129GeV.
The decay rates of the E fermion are presented in gure 3 for κτ = 1GeV.
Notice that the rates decrease for large mE . This is because the decays
proceed through the mixing Eτ and this is suppressed by factors mτ/mE ;
thus the increase in phase space for largemE is compensated by these factors.
For the chosen value of κτ the decay widths are of the order of the eV. For
widths of this order of magnitude the E's will not be present at the time
8
of primordial nucleosynthesis and will not aect it. Note, however, that the
decay rates depend on κ2τ , and κτ is relatively free, thus the decay rates
can vary in several orders of magnitude depending on the value of κτ . For
κτ < 10
−7 GeV the CHAMPs will aect nucleosynthesis and, as commented
above, might help to solve the cosmic lithium problem [13, 14]. We also
require κτ > 10
−16 GeV to avoid CHAMPs at the present epoch.
W ΝΤZ Τ
H Τ
100 200 300 400 500
0
1
2
3
4
5
mE HGeVL
G
HE

X
L
He
V
L
Figure 3: Dominant decay rates of the vector-like fermion E with the same assumptions
made in gure 2. For these estimates we have taken κτ = 1GeV.
2.4. Lepton Flavour Violating processes
For general κ's and Yukawa couplings Ye, family lepton avour is not
conserved; one might then worry about possible bounds set by processes like
µ→ 3e, µ→ eγ or τ → 3µ. We now determine whether the bounds on those
rare processes can impose restrictions on the parameters of our model.
The easiest way to calculate the amplitudes for these processes is by using
an eective Lagrangian obtained by integration of the E eld. This integra-
tion is performed by using the equations of motion for E and expanding in
powers of 1/mE (for a detailed example of the integration of a singly charged
scalar see [15]). One then obtains
LLFV = − 1
m4E
eRκκ
†i 6D 3eR + · · · (14)
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which, after the use of the equations of motion and spontaneous symmetry
breaking leads to a lepton avour violating interaction of the Z gauge boson
with left-handed charged leptons,
LLFV = e
2sW cW
ZµeLCLFVγ
µeL , CLFV ≈ v
2
2m4E
Yeκκ
†Y †e . (15)
CLFV is a matrix in avor space which is not, in general, diagonal; therefore,
eq. (15) will induce processes such as µ → 3e and τ → 3µ. Without loss of
generality we can take Ye diagonal with elements proportional to the charged
lepton masses; then we can estimate the branching ratio for the µ → 3e
process as
BR(µ→ 3e) = Γ(µ→ 3e)
Γ(µ→ eνν¯) ≈
∣∣∣me (κκ†)eµmµ
∣∣∣2
m8E
(16)
Our eective Lagrangian is an expansion in powers of 1/mE which could be
compensated, in part, by κκ† factors in the numerator; thus, for consistency,
we should require κ < mE which allows us to establish an upper bound
for the branching ratio. Recalling also that the present limit on the mass
of charged heavy leptons is around 100GeV, and therefore we should have
mE > 100GeV, we obtain
BR(µ→ 3e) <
(
mµme
(100GeV)2
)2
< 10−16 (17)
to be compared with present bounds
4
which are of the order of 10−12. If
we apply the same reasoning to τ → 3µ we see that the branching ratio is
enhanced by a (mτ/me)
2
factor
R(τ → 3µ) ≡ Γ(τ → 3µ)
Γ(τ → µνν¯) <
(
mτmµ
(100GeV)2
)2
< 10−10 (18)
which is still under the present sensitivity for this ratio, which is about 10−7.
Another very restrictive process is µ→ eγ, which is bounded at the 10−11
level, BR(µ → eγ) < 1.2 × 10−11. This limit will be improved in a close
future by the MEG experiment by two orders of magnitude [17]. However,
4
All experimental limits are taken from[16].
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this process can only arise at one loop and it is suppressed by loop factors;
therefore, we do not expect stringent bounds from it. The contributions to
the oblique parameters are suppressed by powers of the fermions masses and
are too small to be observed at the currently available precision.
Finally, µe conversion in nuclei also provides strong limits in general; for
instance, µe conversion on Ti gives σ(µ−Ti→ e−Ti)/σ(µ−Ti→ capture) <
4.3×10−12. In our model, the process is induced by exactly the same interac-
tion (15) that gives µ→ 3e, and we again do not expect, at present, a strong
bound from µe conversion. However, given the future plans to improve the
limits by several orders of magnitude, then perhaps µe conversion will pro-
vide the best bound for LFV processes in this model. In any case, current
data on LFV processes cannot constrain this mechanism for E decays.
3. The νR mass and the eective Higgs boson interaction with νR
The model we have discussed contains several sources of lepton number
non-conservation: the right-handed neutrino Majorana mass and the h and
h′ couplings (if both of them are dierent from zero). Then it is interesting to
ask what is the natural size of the right-handed neutrino Majorana masses,
since, even if they are set to zero by hand, radiative corrections involving
couplings that do not conserve lepton number will generate them. In fact, by
removing the photon line in the diagrams that give rise to the electroweak
moments, gure 1, one obtains a renormalization of the right-handed neu-
trino Majorana mass. The diagrams are logarithmically divergent and give
corrections of the type
δMR ∼ h
′h
(4pi)2
mE (19)
(if the scalar ω is much heavier than the E, this contribution will have an ex-
tra suppression (mE/mω)
2
). It is then natural to requireMR & h
′hmE/(4pi)
2
.
Of course these type of contributions can be renormalized into MR which,
after all, is a free parameter of the theory.
In addition, similar diagrams with a vertex (φ†φ)|ω|2 attached to the ω
eld (see gure 4) give a nite contribution to the
(
φ†φ
)
νcRξνR operator that
cannot be avoided. A simple calculation gives
ξij =
λωφfφ(r)
(4pi)24mE
(
h′ih
∗
j + h
′
jh
∗
i
)
(20)
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νR ν
c
R
E−
ω− ω−
φφ
Figure 4: Diagram contributing to the
(
φ†φ
)
νc
R
ξνR operator.
where fφ(r) can be written in terms of f(r), dened in eq. (12): fφ(r) =
4f(1/r)/r. After spontaneous symmetry breaking this operator gives addi-
tional contributions to the right-handed Majorana neutrino mass
δMR ∼ λωφh
′hv2
(4pi)24mE
(21)
Therefore, at least, one should require
MR >
λωφh
′hv2
(4pi)24mE
∼ λωφh
′h
(4pi)2
100GeV ∼ 1MeV (22)
where we took h′ = h = λωφ = 0.1. By taking smaller couplings, smaller
right-handed neutrino masses would be natural (for instance for h′ = h =
λωφ = 0.01 one obtains MR > 1 keV).
4. The Model at colliders
In spite of the fact that the new particles are SU(2) singlets and only
have Yukawa couplings to right-handed neutrinos, they are charged and can
be copiously produced at the LHC, if light enough (< 1TeV), through the
Drell-Yan process.
The cross sections for proton-proton collisions can be computed in terms
of the partonic cross sections using the parton distribution functions of the
proton (for a very clear review see for instance [18]); in gure 5 we present
the results
5
for the production total cross sections at the LHC (
√
s = 14TeV)
5
We have used the CTEQ6M parton distribution sets [19]. One could also include next-
12
ΣHppE+E-+XL
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100 1000500200 300150 700
0.01
0.1
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10
100
1000
m HGeVL
Σ
Hfb
L
Figure 5: Production cross sections of the charged particles at the LHC (
√
s = 14TeV) as
a function of their masses. m represents either mE or mω depending on the process and
X represents that other hadronic or leptonic products are expected in a proton-proton
collision.
as a function of the E and ω masses, mE and mω (both represented by m in
the gure). Since the particles are produced by γ and Z exchange, there are
no unknown free parameters except the masses of the particles. We see that
cross sections from 1fb to 1 pb are easily obtained for the production of E for
masses between 700GeV and 100GeV. For the same masses the production
cross section for ω is roughly one order of magnitude smaller.
Once produced in pairs, the particles have to be detected and identi-
ed. The characteristic signatures for this identication are very dierent
depending on the lifetimes of the particles, mostly because if the E and ω
are long-lived they can be tracked directly in the detectors or, at least, be
identied through a displaced decay vertex. The parameter relevant for this
behavior is κ, the E − e mixing.
For κ . 1MeV, the E's will have decay lengths roughly over 1 centime-
to-leading-order corrections by multiplying by a K-factor which typically would change
cross sections by 10−20%. Results have been checked against the CompHEP program [20,
21].
13
ter
6
, in fact, for κ < 0.2MeV, they will go through the detector and behave
as a heavy ionizing particle. A lot of work has been carried to analyse the
signatures of CHAMPs inside the detector (see, for example, [22], and [23]
for a recent improvement), and also displaced vertices have been discussed
(see, for example, [24, 25]). If κ > 1MeV the E's will decay near the collision
point and behave as a fourth generation charged lepton.
Discovering the ω's can be much harder, because they will be produced at
a signicantly lower rate and the signatures of their decays depend strongly
on the details of the model. In the mω > mE scenario, they will decay quickly
into an E and a heavy neutrino (at least if we want h and h′ large enough to
have signicant electroweak moments) and then one has to rely again on the
detection of E's unless the heavy neutrino provides a cleaner signal, which
is unlikely. In any case, we think that the E's, produced in a much greater
number, should be considered the signature of this model, and perhaps the
doorway to understand the ω and heavy neutrino decays.
5. Conclusions
We have presented a simple model that generates right-handed neutrino
magnetic moments and studied its phenomenology. The simplest version of
the model contains CHAMPs (charged massive stable particles) which could
present some problems with standard cosmological scenarios. These problems
can easily be evaded by allowing additional couplings in the Lagrangian.
The model can then give rise to various LFV processes at tree level such
as µ → 3e; however, we have veried that the rates of these processes are
strongly suppressed and are well below present and near-future experimental
constraints.
The same interactions that generate the right-handed neutrino magnetic
moments will also generate, at one loop, the last operator in eq. (1) which
provides a lepton number non-conserving interaction between neutrinos and
the SM Higgs boson. This interaction gives an additional contribution to the
right-handed neutrino Majorana mass; it is also interesting because could
lead to an invisible Higgs decay [1]. We have computed it and discussed
some of its consequences.
6
Note that there's room in the parameter space for this kind of eects even if one
requires that CHAMPs do not aect the primordial nucleosynthesis, for if κ > 100 eV all
the E's will have decayed before nucleosynthesis.
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Finally, since the particles responsible for the right-handed neutrino mag-
netic moment are charged, if light enough they can copiously be produced
at the LHC through the Drell-Yan process. We found that the cross sections
for Drell-Yan production of E's range from 1 fb to 1 pb for masses between
700GeVand 100GeV. For the same range of masses the production cross
section for ω is roughly one order of magnitude smaller.
In short, we showed that a very simple model giving rise to right-handed
neutrino magnetic models compatible with all existing constraints can easily
be constructed. If the right-handed neutrinos are relatively heavy (& 10MeV)
bounds on νR magnetic moments from red giants or supernovae do not ap-
ply [1] and the charged particles responsible for the magnetic moments could
be light enough as to be produced and detected at the LHC.
Acknowledgments
This work has been supported in part by the Ministry of Science and
Innovation (MICINN) Spain, under the grant number FPA2008-03373, by
the Generalitat Valenciana grant PROMETEO/2009/128, by the European
Union within the Marie Curie Research & Training Networks, MRTN-CT-
2006-035482 (FLAVIAnet), and by the U.S. Department of Energy grant
No. DE-FG03-94ER40837. A.A. is supported by the MICINN under the
FPU program.
References
[1] A. Aparici et al., Phys. Rev. D80 (2009) 013010, 0904.3244.
[2] S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566.
[3] J. Wudka, J. Phys. G31 (2005) 1401.
[4] A. De Rujula, S.L. Glashow and U. Sarid, Nucl. Phys. B333 (1990) 173.
[5] S. Dimopoulos et al., Phys. Rev. D41 (1990) 2388.
[6] J.L. Basdevant et al., Phys. Lett. B234 (1990) 395.
[7] T.K. Hemmick et al., Phys. Rev. D41 (1990) 2074.
[8] T. Yamagata, Y. Takamori and H. Utsunomiya, Phys. Rev. D47 (1993)
1231.
15
[9] A. Gould et al., Phys. Lett. B238 (1990) 337.
[10] R.S. Chivukula et al., Phys. Rev. Lett. 65 (1990) 957.
[11] S. Wolfram, Phys. Lett. B82 (1979) 65.
[12] L. Chuzhoy and E.W. Kolb, JCAP 0907 (2009) 014, 0809.0436.
[13] K. Jedamzik, JCAP 0803 (2008) 008, 0710.5153.
[14] K. Jedamzik, Phys. Rev. D77 (2008) 063524, 0707.2070.
[15] M.S. Bilenky and A. Santamaria, Nucl. Phys. B420 (1994) 47,
hep-ph/9310302.
[16] Particle Data Group, C. Amsler et al., Phys. Lett. B667 (2008) 1.
[17] MEG, S. Ritt, Nucl. Phys. Proc. Suppl. 162 (2006) 279.
[18] J.M. Campbell, J.W. Huston and W.J. Stirling, Rept. Prog. Phys. 70
(2007) 89, hep-ph/0611148.
[19] J. Pumplin et al., JHEP 07 (2002) 012, hep-ph/0201195.
[20] CompHEP, E. Boos et al., Nucl. Instrum. Meth. A534 (2004) 250,
hep-ph/0403113.
[21] A. Pukhov et al., CompHEP: A package for evaluation of Feynman dia-
grams and integration over multi-particle phase space. User's manual for
version 33, 1999, hep-ph/9908288, INP-MSU-98-41-542. 126pp. User's
manual for version 33.
[22] M. Fairbairn et al., Phys. Rept. 438 (2007) 1, hep-ph/0611040.
[23] J. Chen and T. Adams, (2009), 0909.3157.
[24] R. Franceschini, T. Hambye and A. Strumia, Phys. Rev. D78 (2008)
033002, 0805.1613.
[25] F. de Campos et al., Phys. Rev. D79 (2009) 055008, 0809.0007.
16
